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Description 

ENHANCEMENT OF PERFORMANCE OF 
A CONDUCTIVE WIRE IN A 
MULTI LAYERED SUBSTRATE 

BACKGROUND OF INVENTION 

[0001] 1. Technical Field 

[0002] The present invention relates to an electronic structure having a wiring 
pattern and method of designing the wiring pattern so as to control the 
temperature distribution in a portion of the wiring pattern 

[0003] 2. Related Art 

[0004] Electromigration due to an electric current in a conductive wire causes 
current-induced atomic diffusion due to momentum transfer from flowing 
electrons to host atoms, or a diffusion of electrons in electric fields set up in 
the wire while the circuit is in operation. Electromigration may cause 
connections at the end of the wire to degrade. For example, the interconnect 
may separate from an adjacent via, causing an opening or void in the circuit. 
In addition, metal at the end of the wire may form extrusions which may 
cause short-circuiting. Electromigration reliability is measured in terms of 
mean time to failure (MTF), which is defined as an increase in electrical 
resistance by a prescribed amount (e.g., 1 0%) for certain length and width 
interconnects at an assumed temperature with the application of a constant 



current density. The temperature may be in a range of 250 s to 350 S C, and 
the constant current density may be in a range of 20 to 30 mA/um 2 

[0005] Electromigration tests at the package-level are usually performed at a 
moderate current density (e.g., 20 to 30 mA/|im2) in an oven at a high 
temperature (e.g., 250 to 300 S C). Electronic structures in these 
package-level tests are stressed until they reach a certain failure criterion 
(e.g., 10 to 500 hours) such as a 10% increase in electrical resistance. In 
performing package-level tests, the time and cost to dice and package the 
wafers must also be taken into consideration. In these tests, the current 
density is small enough, so very little Joule heating occurs, eliminating the 
concern of temperature gradients. At the wafer level, however, Joule heating 
is used to raise the wire's temperature (e.g., 350-450 e C), which requires a 
very high current density (e.g., 400 mA/|am2). This method produces 
undesirable failure modes. 

[0006] Accordingly, there is a need for an electronic structure having a multilayered 
substrate and a wiring pattern therein, together with an associated method of 
designing the wiring pattern, which avoids the undesirable failure modes for 
wires of the wiring pattern for an assumed current density. 

SUMMARY OF INVENTION 

[0007] The present invention provides a method for designing wiring in a 

multilayered substrate so as to limit a temperature gradient in said wiring, 
comprising the steps of: 

[0008] providing an initial wiring design in which the multilayered substrate 



comprises layers stacked in a Y direction, wherein each layer of said layers 
has its length oriented in a X direction that is orthogonal to the Y direction, 
wherein a first electrically conductive wire within a first layer of said layers 
has its length oriented in the X direction, wherein in the initial wiring design 
the first wire has a spatially nonuniform temperature distribution T(X) along 
its length for an assumed current density J1 in the first wire such that the first 
wire has a mean time to failure MTF1 at the current density J1 ; and 

[0009] altering the initial wiring design to reduce the magnitude of a temperature 
gradient dT(X)/dX along the length of the first wire for a current density J2 
not less than J1 in the first wire, wherein the altering does not include 
changing a cross sectional area of the first wire, wherein the altering 
includes electrically and thermally coupling the first wire to a second 
electrically conductive wire in the first layer by an electrically and thermally 
conductive structure that exists outside of the first layer and adjusting the 
width distribution of the second wire in a Z direction that is orthogonal to the 
X and Y directions, wherein the first and second wires do not physically 
touch each other, and wherein said adjusting controls a temperature in the 
second wire so as to cause the second wire to act as a heat source or heat 
sink to the first wire. 

[0010] The present invention provides an electronic structure for limiting a 

temperature gradient in wiring within a multilayered substrate, said electronic 
structure comprising a multilayered substrate having layers stacked in a Y 
direction, wherein each layer of said layers has its length oriented in a X 
direction that is orthogonal to the Y direction, wherein first and second 
electrically conductive wires within a first layer of said layers have their 



respective lengths oriented in the X direction, wherein the first wire is 
electrically and thermally coupled to the second wire by an electrically and 
thermally conductive structure that exists outside of the first layer, wherein 
the first and second wires do not physically touch each other, wherein the 
first wire is adapted to have a temperature distribution T(X) along its length 
at a given current density J in the first wire, wherein a width distribution of 
the second wire in a Z direction that is orthogonal to the X and Y directions is 
tailored so as to limit the temperature gradient dT(X)/dX to be below a real 
positive number , for all values of X, and wherein , is predetermined to be 
sufficiently small so as to substantially mitigate adverse effects of 
electromigration in the first wire. 

[001 1] The present invention advantageously provides a multilayered substrate and 
a wiring pattern therein, together with an associated method of designing the 
wiring pattern, which avoids undesirable failure modes for wires of the wiring 
pattern for an assumed current density. 

BRIEF DESCRIPTION OF DRAWINGS 

[0012] FIG. 1 depicts a design of a front cross-sectional view of a multilayered 

substrate having a device layer, a first wire above the device layer, a second 
wire above the first wire, and a third wire above the second wire, in 
accordance with embodiments of the present invention. 

[0013] FIG. 2 depicts the design of FIG. 1 after the second wire has been 

subdivided into a test wire and a supply wire, the test wire and supply wire 
each being coupled by a respective via to the first wire, in accordance with 
embodiments of the present invention. 



[001 4] FIGS. 3A-3C depicts the supply wire of FIG. 2 having different widths, in 
accordance with embodiments of the present invention. 



[0015] FIGS. 4A-4C depicts the first wire of FIG. 2 having different widths, in 
accordance with embodiments of the present invention. 

[001 6] FIG. 5 depicts the design of FIG. 2 with the first wire having a different 

effective length as compared with the corresponding effective length of the 
first wire in FIG. 2, in accordance with embodiments of the present invention. 

[001 7] FIG. 6 depicts the design of FIG. 2 with the vias having different lengths as 
compared with the corresponding via lengths in FIG. 2, in accordance with 
embodiments of the present invention. 

[0018] FIG. 7 depicts the design of FIG. 1 with the second wire serving as a test 
wire and having a shorter length than the second wire in FIG. 1 , in 
accordance with embodiments of the present invention. 

[0019] FIG. 8 depicts the design of FIG. 7 after a supply wire has been added, the 
test wire and supply wire each being coupled by a respective via to the 
second wire, in accordance with embodiments of the present invention. 

[0020] FIG. 9 depicts the design of FIG. 1 after the second wire has been 

subdivided into a test wire and supply wire, the test wire and supply wire 
each being coupled by a respective via to the third wire, in accordance with 
embodiments of the present invention. 

[0021] FIG. 10 depicts the design of FIG. 2 with a thermally conductive member 
added to the left of first wire and thermally coupled to the device layer by 



one or more thermally conductive vias, in accordance with embodiments of 
the present invention. 

[0022] FIG. 1 1 is a flow chart depicting method steps for effectuating the designs of 
FIGS. 1-10, in accordance with embodiments of the present invention. 

DETAILED DESCRIPTION 

[0023] In electromigration testing, use may be made of the mean time to failure 
(MTF) given by Black's equation from experimental data at high stress 
temperatures. The MTF values may be projected to specific operating 
conditions, by calculating the activation energy (Ea) and current acceleration 
factor (n). Black's equation, in terms of Ea and n, is given by: 

[0024] MTF = A J" n exp(Ea/kT) 

[0025] where A is a constant, J is electric current density, k is the Boltzmann 
constant, and T is absolute temperature. Issues relating to wafer-level 
lifetime prediction accuracy arise from the use of MTF in Black's Equation, 
which depends on temperature but is independent of temperature gradients. 
Temperature gradients can have a large effect on lifetime when testing at 
high current density, which is used for wafer-level testing. Voids nucleate 
where there is a positive temperature gradient, while hillocks form where 
there is a negative temperature gradient. Void formation due to temperature 
gradients could cause a faster fail than predicted by Black's equation. Voids 
are more likely to nucleate where there is a temperature gradient, because 
at higher temperatures the atomic flux is higher. At a temperature gradient, 
metal ions in a wire at the higher temperature will leave faster than they are 



replaced by ions from the wire at the lower temperature. This results in an 
increased concentration of vacancies. When the vacancy concentration 
reaches some critical value, voids may form leading to an open circuit and 
line failure. Thus, electromigration effects and consequent wiring fails, 
caused by temperature gradients in an electrically conductive line, are 
problematic. 

[0026] The present invention discloses a novel structure that can be designed in 
such a manner as to control the temperature gradient of an electrically 
conducting line built in a multilayered substrate such as in conjunction with 
the metallurgy of the semiconductor industry. A design methodology to keep 
the test line temperature gradient nearly constant will be given. This 
methodology will demonstrate how to calculate the appropriate supply line 
dimensions given an applied current and the test line dimensions. Through 
much experimentation and simulation, the inventors of the present invention 
have demonstrated that a supply line either on the conducting level above or 
below the test line cannot come close to providing conditions that will allow 
the test line to be at a nearly constant temperature gradient at high currents. 
The unique test structure of the present invention provides the capability of a 
nearly constant temperature profile across a test line that is generated by 
Joule heating. In addition, this same methodology could be used to 
maximize or minimize the thermal gradient at the end of an electrically 
conductive line. The present invention advantageously avoids the adverse 
effect of electromigration without having to make a major redesign of the 
wiring layout or of the processing in relation to the wiring layout. For 
example, the present invention discloses how to make wiring design 
changes to reduce temperature gradients in a current-carrying wire without 



changing a cross sectional area of the current-carrying wire. 

[0027] FIG. 1 depicts, in an XYZ rectangular coordinate system, an initial design of 
a front cross-sectional view of a multilayered substrate 1 0 having layers 
12-19 sequentially ordered in the Y direction from bottom surface 9 to top 
surface 1 1 of the substrate 10, in accordance with embodiments of the 
present invention. The cross-sectional view of FIG. 1 is in the X-Y plane 
defined by X and Y directions as shown, wherein the X and Y directions are 
mutually orthogonal. The Z direction in FIG. 1 is orthogonal to both the X and 
Y directions. The positive X, Y, and Z directions are in the directions pointed 
to by the arrow on the X axis, Y axis, and Z axis, respectively, in FIG. 1 . The 
substrate 10 may comprise, inter alia, an integrated circuit. Layer 12 is a 
device layer which may include semiconductor material (e.g., silicon, 
germanium, etc.,). The device layer 12 may comprise, inter alia, electronic 
devices (including semiconductor devices) such as field effect transistors 
(FETs), bipolar transistors, capacitors, resistors, diodes, etc. Layers 13, 15, 
17, and 19 each comprise dielectric material such as, inter alia, Si0 2 or the 
like, sputtered quartz or the like, etc. Layer 14 comprises an electrically 
conductive wire 91 (e.g., a tungsten wire). Layer 1 6 comprises an electrically 
conductive wire 92 (e.g., a copper or aluminum wire). The wire 92 may be a 
test line that will be modified as shown in FIG. 2 and discussed infra. In FIG. 
1 , layer 18 comprises an electrically conductive wire 93 (e.g., a copper or 
aluminum wire). While FIG. 1 shows layer 12 as a device layer, the present 
invention includes the case in which layer 12 is not a device layer, since 
such a device layer may exist elsewhere in the substrate 1 0 (e.g., above 
layer 19) or be absent. 



[0028] The wires 91 , 92, and 93 (and any other wires within the substrate 1 0 
discusssed infra) may each have any of a variety of distributions of 
conductive materials such, inter alia, as a metallic line or a layered structure 
comprising a metallic line sandwiched between metallic plates on opposing 
sides of the metallic line. Representative conductive materials comprised by 
the metallic line include, inter alia, copper, aluminum, refractory metals (e.g., 
tungsten), and alloys thereof. Representative conductive materials 
comprised by the metallic plates include, inter alia, titanium nitride, tantalum, 
tantalum nitride, and alloys thereof. 

[0029] The lifetime of wire 92 is characterized by the mean time to failure (MTF) of 
wire 92 at an assumed current density in the wire 92. In the wiring 
configuration of FIG. 1 , the wire 92 is subject to thermal gradients in the X 
direction at sufficiently high electrical currents flowing through the wire 92, 
which potentially lead to adverse MTF performance of the wire 92. As 
discussed infra in conjunction with FIGS. 2-1 1 , the present invention is 
directed to improving the MTF performance of the wire 92 such as by, inter 
alia: 1) increasing the current carrying capability (i.e., current density) of the 
wire 92 for a given MTF of the wire 92; or 2) increasing the MTF of the wire 
92 for a given current density in the wire 92. The basic technique is directed 
to essentially eliminating, or substantially reducing, temperature gradients 
along the length of the wire 92 in the X direction. Thus if in FIG. 1 , the wire 
92 has a MTF of MTF1 at an assumed current density of J1 in the X 
direction, then the present invention is directed to altering the wiring design 
in the substrate 1 0 (as described infra in FIGS. 2-1 1 ) so as to make the 
temperature distribution of the wire 92 essentially or substantially uniform in 
the X direction such that in the improved wiring design, the wire 92 has a 



MTF of MTF2 at an assumed current density of J 2 in the X direction, wherein 
J 2 # J 1 . In one embodiment, J 2 exceeds J 1 and MTF2 is essentially 
unchanged from MTF1 . In another embodiment, J 2 is about equal to J 1 , and 
MTF2 exceeds MTF1 . 

[0030] The present invention is applicable to a test design environment as well to 
actual product usage. Thus, although the term test line or test wire is 
employed infra to describe a portion of the wire 92, all features and results 
relating to said test line or test wire, as described herein, is generally 
applicable to an electrically conductive line in either a design test 
environment or in an actual product environment. In the design test 
environment, the test line is tested to determine the maximum electric 
current or current density the test line can carry and not fail under use 
conditions. 

[0031] FIG. 1 (as well as FIG. 7, discussed infra) depicts an initial design. FIGS. 2-6 
and 8-10 depict alterations in the initial design in accordance with unique 
heat control design (U.H.C.) structures. 

[0032] FIG. 2 depicts the design of FIG. 1 after removal (in the design process) of a 
portion of the wire 92, leaving remaining wires 21 and 22 with intervening 
dielectric material 23 between wires 21 and 22, in accordance with 
embodiments of the present invention. Wire 21 is a test wire (which may be 
employed in a test environment or in a product environment as stated supra) 
and wire 22 is a supply wire electrically connected to a current source 30. 
Thus the current source 30 supplies electric current to the wire 22, and the 
wire 22 supplies electric current to the wire 21 . Conductive vias 24 and 25 



have been added to the design, although the scope of the present invention 
includes the case in which vias 24 and 25 are present in the initial design of 
FIG. 1 . The wire 21 is electrically and thermally coupled to the wire 91 by 
means of via 24, and the wire 22 is electrically and thermally coupled to the 
wire 91 by means of via 25. Thus, the following electrically conductive and 
thermally conductive path has been established: wire 22 to via 25 to an 
effective length of wire 91 to via 24 to wire 21 . Electrical wiring (not shown) 
connected to the wire 21 is electrically routed outside of the substrate 10 
through an external electrically conductive path that terminates at the current 
source 30 to form a closed electrical loop. 

[0033] The effective length of wire 91 in FIG. 2 is the portion of wire 91 that is within 
the thermally conductive path from wire 22 to wire 21 and is denoted in FIG. 
2 as the length L1 in the X direction. In some embodiments, the wire 91 may 
exist in the X direction only directly under the dielectric material 23 and vias 
24 and 25 within the length L1 and thus have a total length that is equal to or 
less than L 1 

[0034] The vias 24 and 25 have lengths of S 1 and S 2 , respectively, in the X 

direction. Said vias 24 and 25 (and any other vias discussed infra) may have 
various distributions of conductive materials such as, inter alia, a metallic 
plug or a metallic plug circumscribed by a metallic liner. Representative 
conductive materials comprised by the metallic plug include, inter alia, 
copper, aluminum, tungsten and alloys thereof. Representative conductive 
materials comprised by the metallic liner include, inter alia, refractory metals 
or alloys thereof (e.g., titanium, titanium nitride, tantalum, tantalum nitride). 



[0035] In FIG. 2, temperature gradients in the wire 21 in the X direction are a 

function of the temperature differential between the wire 91 and the wire 21 . 
For example, if the wire 91 includes tungsten and the wire 21 includes 
aluminum (or copper), then the wire 91 will be at a higher temperature than 
will the wire 21 for a current density in wire 91 that is equal to or greater than 
the current density in wire 21 , because tungsten has a higher resistivity than 
aluminum (or copper) and therefore experiences a higher Joule heating rate 
than does aluminum (or copper). In the preceding situation, there will be a 
positive temperature gradient (dT/dX) in the X direction in the wire 21 where 
T(X) represents the temperature of the wire 21 as a function of X, with the 
highest values of dT/dX occurring at and near the interface between the wire 
21 and the via 24. For the preceding situation of dT/dX>0 in the wire 21 , the 
magnitude of dT/dX in the wire 21 may be substantially lowered or 
essentially eliminated if a heat sink could be established that extracts heat 
from the wire 21 or prevents heat generated by the wire 91 from being 
conducted into the wire 21 . Thus in embodiments of the present invention 
characterized by dT/dX>0, the wire 22 functions as a heat sink to the wire 21 
(see, e.g., FIG. 3B and the discussion thereof infra), and in such 
embodiments characterized by dT/dX>0 the electrical resistivity of the wire 
21 may be less than the electrical resistivity of the wire 91 . 

[0036] If the opposite situation should occur in which the wire 91 is at a lower 

temperature than the wire 21 , then dT/dX<0 in the wire 21 particularly at and 
near the interface between the wire 21 and the via 24. For the preceding 
situation of dT/dX<0 in the wire 21 , the magnitude of dT/dX in the wire 21 
may be substantially lowered or essentially eliminated if a heat source could 
be established that adds heat to the wire 21 or inhibits heat conduction from 



the wire 21 into the wire 91 . The present invention presents various 
structures and associated methods for generating such heat sinks and 
sources as needed to essentially eliminate or substantially reduce the 
magnitude of temperature gradients dT/dX in the wire 21 . Thus in 
embodiments of the present invention characterized by dT/dX<0, the wire 22 
functions as a heat source to the wire 21 (see, e.g., FIG. 3C and the 
discussion thereof infra), and in such embodiments characterized by 
dT/dX<0 the electrical resistivity of the wire 21 may exceed the electrical 
resistivity of the wire 91 . 

[0037] In some embodiments, the wire 91 may exist in the X direction only between 
the outer surfaces of vias 24 and 25 within the effective length L1 such that 
the wire 91 has a total length that is equal to or less than the effective length 

[0038] FIGS. 3A-3C depict the wire 22 of FIG. 2 having different widths in the Z 
direction, in accordance with embodiments of the present invention. In FIG. 
3A, the width WO of the wire 22 is assumed to be the same as in FIG. 2. 

[0039] In FIG. 3B assuming dT/dX>0 in the wire 21 , the width W1 of the wire 22 

exceeds W0, which enables the wire 22 to function as a heat sink to the wire 
21 for the following reason. With W1 > W0, the cross-sectional area for 
current flow in the wire 22 is increased, which reduces the current density in 
the wire 22, which lowers the Joule heating in the wire 22, which reduces the 
temperature in the wire 22, which reduces the temperature in the wire 21 . 
Therefore, the temperature in the wire 22 could be lowered to a desired 
value by choosing a sufficiently large value of the width W. relative to W n , 



provided that sufficient space is available in the layer 1 6 to accommodate 
the desired value of W 1 . By so lowering the temperature of the wire 22, the 
temperature of the effective length (i.e., within length of the wire 91 is 
correspondingly lowered through thermally conductive coupling between the 
wires 22 and 91 by means of the thermally conductive via 25. Said lowering 
of the temperature of the effective length of the wire 91 , extracts heat from 
(or reduces the addition of heat to) the wire 21 at and near the interface 
between the wire 21 and the via 24, which has the effect of essentially 
eliminating or substantially reducing the magnitude of the positive 
temperature gradient dT/dX in the wire 21 . 

[0040] In FIG. 3C assuming dT/dX<0 in the wire 21 , the width W 2 of the wire 22 is 
less than W Q , which enables the wire 22 to function as a heat source to the 
wire 21 for the following reason. With W 2 < W Q , the cross-sectional area for 
current flow in the wire 22 is decreased, which increases the current density 
in the wire 22, which increases the Joule heating in the wire 22, which 
increases the temperature in the wire 22, which increases the temperature in 
the wire 21 . Therefore, the temperature in the wire 22 could be increased to 
a desired value by choosing a sufficiently small value of the width W 2 
relative to W Q . By so increasing the temperature of the wire 22, the 
temperature of the effective length (i.e., within length of the wire 91 is 
correspondingly increased through thermally conductive coupling between 
the wires 22 and 91 by means of the thermally conductive via 25. Said 
increasing of the temperature of the effective length of the wire 91 adds heat 
to the wire 21 at and near the interface between the wire 21 and the via 24, 
which has the effect of essentially eliminating or substantially reducing the 
magnitude of negative temperature gradients dT/dX in the wire 21 . 



[0041] The preceding discussion of FIGS. 3A-3C illustrates that the width of the 
wire 22 may be used as an effective and convenient mechanism to control 
the temperature distribution T(X) and the temperature gradient dT(X)/dX of 
the wire 21 . Accordingly, said mechanism may be used to significantly 
increase the MTF of the wire 21 at the current density J 2 or to constrain the 
MTF of the wire 21 at the current density J 2 to be about maximal with 
respect to variations in the width of the wire 22. 

[0042] While FIGS. 3A-3C depict the width of the wire 22 in the Z direction as being 
constant, said width of the wire 22 may alternatively be a function W(X) of X, 
wherein W(X) may be a continuous function of X or a discontinuous function 
of X (e.g., a step function of X). Although the wire 22 is shown in FIGS. 
3A-3C as being a continuous distribution of conductive material in the X-Z 
plane, the present invention also includes an embodiment in which the wire 
22 is distributed discretely in accordance with a two-dimensional grid in the 
X-Z plane, such that W(X) is a discrete function of X in accordance with said 
grid. The actual distribution of conductive material of the wire 22 (as 
reflected in W(X) impacts the temperature of the wire 22 in two ways. First, 
W(X) impacts the current density in the wire 22 which control the rate of heat 
generation in the wire 22. Second, W(X) impacts both the thermal 
conductance of the wire 22 and the available heat transfer surface area 
which controls the rate of heat transfer and heat dissipation from the wire 22. 
Thus by varying the width W(X) of the wire 22, the temperature of the wire 
22 may be correspondingly controlled so as to essentially eliminate or 
substantially reduce the magnitude of the temperature gradients dT/dX in the 
wire 21 temperature as desired. 



[0043] FIGS. 4A-4C depict the wire 91 in layer 14 of FIG. 2 having different widths 
in the Z direction, in accordance with embodiments of the present invention. 
In FIG. 4A, the width V0 of the wire 91 is the same as in FIG. 2. 



[0044] In FIG. 4B assuming dT/dX>0 in the wire 21 , the width V 1 of the wire 91 
exceeds V Q , which lowers the temperature in the wire 91 for the following 
reasons. With V 1 > V Q , the cross-sectional area for current flow in the wire 
91 is increased, which reduces the current density in the wire 91 , which 
lowers the Joule heating in the wire 91 , which reduces the temperature in 
the effective length of the wire 91 . Additionally, V 1 > V Q increases the heat 
transfer area (for heat dissipation) of the wire 91 which additionally lowers 
the temperature of the wire 91 . Therefore, the temperature in the effective 
length of the wire 91 could be lowered to a desired value by choosing a 
sufficiently large value of the width V 1 relative to V Q , provided that sufficient 
space is available in the layer 14 to accommodate the desired value of V1 . 
Said lowering of the temperature of the effective length of the wire 91 
extracts heat from (or reduces the addition of heat to) the wire 21 at and 
near the interface between the wire 21 and the via 24, which has the effect 
of essentially eliminating or substantially reducing the magnitude of the 
positive temperature gradients dT/dX in the wire 21 . 

[0045] In FIG. 4C assuming dT/dX<0 in the wire 21 , the width V 2 of the wire 91 is 
less than V Q , which increases the temperature in the wire 91 for the following 
reasons. With V 2 < V Q , the cross-sectional area for current flow in the wire 
91 is decreased, which increases the current density in the wire 91 , which 
increases the Joule heating in the wire 91 , which increases the temperature 
in the effective length of the wire 91 . Additionally, V 2 < V Q decreases the 



heat transfer area (for heat dissipation) of the wire 91 which additionally 
increases the temperature of the effective length of the wire 91 . Therefore, 
the temperature in the effective length of the wire 91 could be increased to a 
desired value by choosing a sufficiently small value of the width V 2 relative 
to VO. Said increases of the temperature of the effective length of wire 91 
adds heat to (or removes less heat from) the wire 21 at and near the 
interface between the wire 21 and the via 24, which has the effect of 
essentially eliminating or substantially reducing the magnitude of the 
negative temperature gradients dT/dX in the wire 21 . 

[0046] While FIGS. 4A-4C depict the width of the wire 91 in the Z direction as being 
constant, said width of the wire 91 may alternatively be a function V(X) of X, 
wherein V(X) may be a continuous function of X or a discontinuous function 
of X (e.g., a step function of X). Although the wire 91 is shown in FIGS. 
4A-4C as being a continuous distribution of conductive material in the X-Z 
plane, the present invention also includes an embodiment in which the wire 
91 is distributed discretely in accordance with a two-dimensional grid in the 
X-Z plane, such that V(X) is a discrete function of X in accordance with said 
grid. The actual distribution of conductive material of the wire 91 (as 
reflected in V(X) impacts the temperature of the wire 91 in two ways. First, 
V(X) impacts the current density in the wire 91 which control the rate of heat 
generation in the wire 91 . Second, V(X) impacts both the thermal 
conductance of the wire 91 and the available heat transfer surface area 
which controls the rate of heat transfer and heat dissipation from the wire 91 . 
Thus by varying the width V(X) of the wire 91 , the temperature of the wire 91 
may be correspondingly controlled so as to essentially eliminate or 
substantially reduce the magnitude of the temperature gradients dT/dX in the 



wire 21 temperature as desired. 



[0047] FIG. 5 depicts the design of FIG. 2 with the wire 91 having a different 

effective length l_ 2 as compared with the corresponding effective length L 1 of 
the wire 91 in FIG. 2, in accordance with embodiments of the present 
invention. While FIG. 5 illustrates l_ 2 > the scope of the present invention 
also includes the embodiment of l_ 2 < L 1 . In some embodiments, the wire 91 
may exist in the X direction only between the outer surfaces of vias 24 and 
25 within the effective length l_ 2 such that the wire 91 has a total length that 
is equal to or less than the effective length l_ 2 

[0048] The effect on the temperature of the effective length of the wire 91 due to 
changing the effective length of the wire 91 depends on a balance of two 
opposing factors. For example, if l_ 2 > L 1 then the increase in the effective 
length of the wire 91 increases the rate of Joule heat generation in the wire 
91 since the electrical resistance of the effective length of the wire 91 is 
proportional to the effective length of the wire 91 . On the other hand if l_ 2 > 
Li, the increase in the effective length of the wire 91 increases the heat 
transfer area for heat dissipation from the wire 91 . Therefore, the effect of an 
increase or decrease in the effective length of the wire 91 on the direction 
(positive or negative) of the change in the temperature of the effective length 
of the wire 91 needs to be evaluated for each case, or group of similar 
cases, studied. Depending on the outcome of such a study, the effective 
length of the wire 91 may be increased or decreased as needed to provide 
the desired direction and magnitude of the temperature change in the 
effective length of the wire 91 so as to extract heat from (or add heat to) the 
wire 21 at and near the interface between the wire 21 and the via 24, to 



essentially eliminate or substantially reduce the magnitude of a positive or 
negative temperature gradients dT/dX in the wire 21 . 

[0049] FIG. 6 depicts the design of FIG. 2 with the vias 24 and 25 which have 

lengths of S 3 and S 4 , respectively, in the X direction as compared with the 
lengths S 1 and S 2 , respectively, in FIG. 2. 

[0050] Although FIG. 6 depicts S 3 >S 1 and S 4 >S 2 , the present invention also 
permits S 3 #S 1 and S 4 #S 2 

[0051] In FIG. 6 assuming dT/dX>0 in the wire 21 , modifying the lengths of the vias 
24 and 25 such that S 3 >S 1 and S 4 >S 2 enables the vias 24 and 25 to reduce 
heat input to the wire 21 for the following reason. With S 3 >S 1 and S 4 >S 2 , 
the cross-sectional area for current flow in the vias 24 and 25 is increased, 
which reduces the current density in the vias 24 and 25, which lowers the 
Joule heating in the vias 24 and 25, which reduces the temperature in the 
vias 24 and 25. Therefore, the temperature in the vias 24 and 25 could be 
lowered to a desired value by choosing a sufficiently large value of the via 
lengths S3 and S4 in relation to S1 and S2, respectively, provided that 
sufficient space is available in the layer 15 to accommodate the desired 
values of S 3 and S 4 . By so lowering the temperature of the vias 24 and 25, 
heat is extracted from the wire 21 (or less heat is added to the wire 21 ) at 
and near the interface between the wire 21 and the via 24, which has the 
effect of essentially eliminating or substantially reducing the magnitude of 
the positive temperature gradients dT/dX in the wire 21 . 

[0052] In FIG. 6 assuming dT/dX<0 in the wire 21 , modifying the lengths of the vias 
24 and 25 such that S 3 <S 1 and S 4 <S 2 enables the vias 24 and 25 to 



increase heat input to the wire 21 for the following reason. With S 3 <S 1 and 
S4<S 2 , the cross-sectional area for current flow in the vias 24 and 25 is 
decreased, which increases the current density in the vias 24 and 25, which 
increases the Joule heating in the vias 24 and 25, which increases the 
temperature in the vias 24 and 25. Therefore, the temperature in the vias 24 
and 25 could be increased as desired by choosing a sufficiently small value 
of the via lengths S g and S 4 in relation to S 1 and S 2 . By so increasing the 
temperature of the vias 24 and 25, heat is added to the wire 21 (or less heat 
is removed from the wire 21 ) at and near the interface between the wire 21 
and the via 24, which has the effect of essentially eliminating or substantially 
reducing the magnitude of the negative temperature gradients dT/dX in the 
wire 21 . 

[0053] In FIG. 6, the wire 91 has an effective length l_ 3 . In some embodiments, the 
wire 91 may exist in the X direction only between the outer surfaces of vias 
24 and 25 within the effective length l_ 3 such that the wire 91 has a total 
length that is equal to or less than the effective length l_ 3 

[0054] Although FIG. 6 shows only the one via 24 between wires 21 and 91 , the 
scope of the present invention generally include one or more such vias 
between wires 21 and 91 , and the number of such vias could be varied 
instead of or in addition to length(s) of said vias. Similarly, although FIG. 6 
shows only the one via 25 between wires 22 and 91 , the scope of the 
present invention generally include one or more such vias between wires 22 
and 91 , and the number of such vias could be varied instead of or in addition 
to length(s) of said vias. 



[0055] FIG. 7 depicts the design of FIG. 1 with the wire 92 of FIG. 1 being replaced 
by a shorter wire 41 in the X direction, in accordance with embodiments of 
the present invention. The wire 41 is a test line. 

[0056] FIG. 8 depicts the design of FIG. 7 after a wire 42, which is a supply line 

electrically coupled to the current source 30, has been added in the layer 16 
as shown, in accordance with embodiments of the present invention. FIG. 8 
is essentially the same as FIG. 2 with the wire 42 in FIG. 8 being essentially 
the same as the wire 22 in FIG. 2; the vias 44 and 45 in FIG. 8 being 
essentially the same as the vias 24 and 25, respectively, in FIG. 2 and may 
have any of the various distributions of conductive materials described supra 
for vias 24 and 25. The intervening dielectric material 43 between wires 41 
and 42 in FIG. 8 is essentially the same as the intervening dielectric material 

23 between wires 21 and 22, respectively, in FIG. 2. The primary difference 
between FIG. 8 and FIG. 2 is that in FIG. 2 the wire 22 was formed by 
removing a portion of the wire 92 of FIG. 1 , while in FIG. 8 the wire 42 was 
formed by adding the new wire 42 in layer 16 without geometrically 
modifying the wire 41 of FIG. 7. Accordingly, all features and embodiments 
of FIGS. 2-6 described supra apply to FIG. 8 in the same manner as said 
features and embodiments apply to FIG. 2. 

[0057] In FIG. 8, the wire 91 has an effective length L r In some embodiments, the 
wire 91 may exist in the X direction only between the outer surfaces of vias 

24 and 25 within the effective length L 1 such that the wire 91 has a total 
length that is equal to or less than the effective length L 1 

[0058] FIG. 9 depicts the design of FIG. 1 after removal (in the design process) of a 



portion of the wire 92, leaving remaining wires 21 and 22 with intervening 
dielectric material 53 between wires 21 and 22, in accordance with 
embodiments of the present invention. Wire 21 is a test wire (which may be 
employed in a test environment or in a product environment as explained 
supra) and wire 22 is a supply wire electrically connected to the current 
source 30. Conductive vias 54 and 55 have been added to the design. The 
vias 54 and 55 may have any of the various distributions of conductive 
materials described supra for vias 24 and 25 of FIG. 2. The wire 21 is 
electrically and thermally coupled to the wire 93 by means of via 54, and the 
wire 22 is electrically and thermally coupled to the wire 93 by means of via 
55. Thus, the following electrically conductive and thermally conductive path 
has been established: wire 22 to via 55 to an effective length of wire 93 to 
via 54 to wire 21 . The effective length of wire 93 is the portion of wire 93 that 
is within the thermally conductive path from wire 22 to wire 21 and is 
denoted in FIG. 9 the length l_ 4 in the X direction. In some embodiments, the 
wire 93 may exist in the X direction only between the outer surfaces of vias 
54 and 55 within the effective length l_ 4 such that the wire 93 has a total 
length that is equal to or less than the effective length l_ 4 

[0059] FIG. 9 is similar to FIG. 2 with the primary difference being that the electrical 
current in layer 93 is being used in FIG. 9 as generating heat and triggering 
a positive or negative temperature gradient dT(X)/dX in the wire 21 , whereas 
the electrical current in layer 91 is being used in FIG. 2 as generating heat 
and triggering a positive or negative temperature gradient dT(X)/dX in the 
wire 21 . Accordingly, all features and embodiments of FIGS. 2-8 described 
supra apply to FIG. 9 in the same manner as said features and 
embodiments apply to FIG. 2-8. In some embodiments of the present 



invention characterized by dT/dX<0 along the wire 21 , the wire 22 functions 
as a heat source to the wire 21 . In other embodiments of the present 
invention characterized by dT/dX>0 along the wire 21 , the wire 22 functions 
as a heat sink to the wire 21 . 

[0060] FIG. 10 depicts the design of FIG. 2 with a thermally conductive member 60 
added to the left of wire 91 (i.e., in the negative X direction relative to the 
wire 91 ) and thermally coupled to the device layer 1 2 by thermally 
conductive vias 61 and 62, in accordance with embodiments of the present 
invention. The thermally conductive member 60 may be a wire, a plate, or 
other geometric structure. The thermally conductive member 60 is not 
electrically coupled to any device in the device layer 12 and does not carry 
an electrical current. The thermally conductive member 60 serves to 
enhance transfer heat between the wire 21 and the device layer 1 2 so as to 
contribute to essentially eliminating or substantially reducing the magnitude 
of positive or negative temperature gradients dT(X)/dX in the wire 21 . The 
thermally conductive vias 61 and 62 provide a significant enhancement to 
the thermally conductive heat transfer path between the thermally 
conductive member 60 and the device layer 12 than the thermal path 
through the dielectric material 64 alone in the layer 13 in the Y direction. The 
vias 61 and 62 may have any of the various distributions of conductive 
materials described supra for vias 24 and 25 of FIG. 2. If the dielectric 
material 63 in the dielectric layer 15 is thermally insulative, then the dielectric 
layer 15 should have a sufficiently small thickness (e.g., 0.1 - 2.0 microns in 
some applications) in the Y direction to permit adequate conductive heat 
transfer through the dielectric layer 15 so that a sufficient amount of heat 
may be transferred between the wire 21 and the device layer 1 2 to 



contribute to essentially eliminating or substantially reducing the magnitude 
of temperature gradients dT(X)/dX in the wire 21 . If the thermally conductive 
member 60 serves to extract heat from the wire 21 , then the vias 61 and 62 
should be in mechanical contact with a portion of the device layer 12 that 
does not include active electronic devices; otherwise the active electronic 
devices may be damaged or made to function incorrectly by the heat 
extracted from the wire 21 by thermally conductive member 60 and 
deposited near the active devices. If the thermally conductive member 60 
serves to add heat to the wire 21 , then the vias 61 and 62 may be placed in 
mechanical contact with a portion of the device layer 12 that is proximate to 
active electronic devices in order to utilize the heat dissipated during 
operation of the active electronic devices. 

[0061] If the temperature gradients needed to be reduced in the wire 21 exist 

primarily at the ends of the wire 21 in the X direction (e.g., at the interface 
between the wire 21 and the via 24 and/or via 26), then use of the thermally 
conductive member 60 of FIG. 10 to reduce said temperature gradients may 
be less effective than varying the width of the wire 22 (described supra in 
conjunction with FIGS. 3A-3C), since use of the thermally conductive 
member 60 affects the temperature distribution in more centrally located 
portions along the wire 21 in the X direction. 

[0062] In FIG. 10, the wire 91 has an effective length l_ 5 . In some embodiments, the 
wire 91 may exist in the X direction only between the outer surfaces of vias 
26 and 25 within the effective length l_ 5 such that the wire 91 has a total 
length that is equal to or less than the effective length 



[0063] Although FIG. 1 0 depicts two thermally conductive vias, namely vias 61 and 
62, thermally coupling the thermally conductive member 60 to the device 
layer 12, there may generally be one or more such vias thermally coupling 
the thermally conductive member 60 to the device layer 1 2. 

[0064] Although in FIG. 10 the thermally conductive member 60 is disposed 

between the wire 21 and the device layer 12, an alternative embodiment has 
the wire 21 disposed between the thermally conductive member 60 and the 
device layer 12. In another alternative embodiment, the thermally conductive 
member 60 is on the same level (in the Z direction) as the wire 21 . 

[0065] FIG. 10 also depicts two vias, namely vias 26 and 24, electrically and 

thermally coupling the wire 21 to the wire 91 . Generally, one or more of such 
vias may be used to electrically and thermally couple the wire 21 to the wire 
91 (in FIGS. 2-6 and 8-9 as well as in FIG. 10). Similarly, one or more 
electrically and thermally conductive vias may be used to electrically and 
thermally couple the wire 22 to the wire 91 (in FIGS. 2-6 and 8-9 as well as 
in FIG. 1 0). The via 26 may have any of the various distributions of 
conductive materials described supra for vias 24 and 25. 

[0066] FIG. 1 1 is a flow chart depicting method steps 71 -84 for effectuating the 
designs of FIGS. 1 -1 0, in accordance with embodiments of the present 
invention. 

[0067] Step 71 starts with the initial design corresponding to FIG. 1 or FIG. 7. Step 
72 decides whether to modify the initial design. If the decision is made not to 
modify the initial design, then the method ends at step 73. If the decision is 
made to modify the initial design, then the method proceeds to step 74. 



[0068] Step 74 measures, or otherwise determines, electrical, thermal, and 

geometrical characteristics associated with the initial design structure. Such 
parameters may include: electrical resistance or resistivity of the test line 
(i.e., wire 92 in FIG. 1 or wire 41 in FIG. 7), geometry including dimensions 
of the test line and other wiring, electrical resistivity dependence on 
temperature, probability distribution of MTF of the test line as a function of 
temperature and current density, as well as electrical, thermal, and 
geometrical characteristics of other pertinent aspects of the wiring structure 
of the substrate 1 0 (e.g., wire 91 ). Step 74 may also use a computational 
tool (e.g., finite element or boundary element simulation) to determine the 
location of thermal gradients and voids in the test line. 

[0069] Step 75 alters the initial design in accordance with unique heat control 

design (UHC) structures depicted in FIGS. 2-6 and 8-9 as discussed supra. 
In altering the initial design, step 75 assumes a current density in the test 
line and utilizes the electrical, thermal, and geometrical characteristics 
associated with the initial design structure obtained from execution of step 
74. Step 75 is directed to making the temperature distribution T(X) in the 
wire 21 of FIGS. 2-6 and 9 (or the wire 41 of FIG. 8) more spatially uniform 
(i.e., with reduced temperature gradients) for the assumed current density in 
the test line. 

[0070] Step 76 determines (through measurement or calculation/simulation) the 
temperature distribution T(X) in the wire 21 of FIGS. 2-6 and 9 (or the wire 
41 of FIG. 8). If the temperature gradient dT(X)/dX, as inferred from T(X) 
arrived at in step 76, is determined in accordance with an acceptance 
criterion to be sufficiently small in magnitude to be acceptable, then the 



method next executes step 78. If dT(X)/dX is not so determined to be 
sufficiently small in magnitude to be acceptable, then the method next 
executes step 77 and then iteratively loops through steps 75-77 to 
re-execute steps 75-77 until dT(X)/dX is determined (in accordance with the 
acceptance criterion) to be sufficiently small in magnitude to be acceptable. 
An acceptance criterion may be, inter alia, that the maximum value of 
|dT(X)/dX| is less than a real positive number , wherein , is a predetermined 
tolerance for the temperature gradient. The tolerance , may be 
predetermined to be sufficiently small so as to sufficiently limit dT(X)/dX to 
prevent or substantially mitigate the adverse effects of electromigration in the 
wire 21 (e.g., to prevent or substantially reduce the probability of opens or 
shorts in or proximate to the wire 21) as discussed supra. 

[0071] In step 77, a thermal model may be used to calculate or predict temperature 
gradients, voids, MTF, etc. in the test line for the assumed current density of 
step 75 or for another current density if desired. The thermal model 
calculations or predictions in step 77 may be based on a simple model such 
as may be implemented via hand calculations, or on a sophisticated model 
via a computational tool (e.g., finite element simulation or boundary element 
simulation). 

[0072] Step 78 determines whether to further improve the UHC structure by adding 
one or more conductive members such as the conductive member 60 of FIG. 
1 0. If step 78 determines not to add one or more of such conductive 
members, then the method proceeds to step 83. If step 78 determines to add 
one or more of such conductive members, then the method executes steps 
79-81. 



[0073] Step 79 measures, or otherwise determines, electrical, thermal, and 

geometrical characteristics associated with UHC structure resulting from 
step 76. Such parameters may include any of the parameters associated 
with step 74, except that the parameters in step 79 are determined in the 
context of the UHC structure associated with step 76 whereas the 
parameters in step 74 are determined in the context of the initial design 
structure associated with step 71 . As in step 74, step 79 may also use a 
computational tool (e.g., finite element simulation or boundary element 
simulation) to determine location of thermal gradients and voids in the test 
line. 

[0074] Step 80 alters the UHC design structure by adding the one or more 

conductive members such as the conductive member 60 of FIG. 10. Step 80 
is directed to make the temperature distribution T(X) in the wire 21 of FIG. 1 0 
even more spatially uniform (i.e., further diminish the magnitude of the 
temperature gradients) than exists with the UHC structure resulting from step 
76 for the assumed current density in the test line. 

[0075] Step 81 determines (through measurement or calculation/simulation) the 
temperature distribution T(X) in the wire 21 of FIG. 10. If the temperature 
gradient dT(X)/dX, as inferred from T(X) arrived at in step 81 , is determined 
in accordance with an acceptance criterion to be sufficiently small in 
magnitude to be acceptable, then the method next executes step 83. If 
dT(X)/dX is not so determined to be sufficiently small in magnitude to be 
acceptable, then the method next executes step 82 and then iteratively loops 
through steps 80-82 to re-execute steps 80-82 until dT(X)/dX is determined 
(in accordance with the acceptance criterion) to be sufficiently small in 



magnitude to be acceptable. An acceptance criterion may be, inter alia, that 
the maximum value of |dT(X)/dX| is less than a real positive number # 
wherein , is a predetermined tolerance for the temperature gradient. The 
tolerance # may be predetermined to be sufficiently small so as to sufficiently 
limit dT(X)/dX to prevent or substantially mitigate the adverse effects of 
electromigration in the wire 21 (e.g., to prevent or substantially reduce the 
probability of opens or shorts in or proximate to the wire 21 ) as discussed 
supra. 

[0076] In step 82, a thermal model may be used to calculate or predict temperature 
gradients, voids, MTF, etc. in the test line for the assumed current density of 
step 80 or for another current density if desired. The thermal model 
calculations or predictions in step 82 may be based on a simple model such 
as may be implemented via hand calculations, or on a sophisticated model 
via a computational tool (e.g., finite element simulation or boundary element 
simulation). 

[0077] Step 83 establishes wiring placement rules for the substrate 10, wherein said 
wiring placement rules reflect the results of step 76 (if steps 79-82 are not 
executed) or the results of step 81 (if steps 79-82 are executed). 

[0078] Following step 83, the method ends at step 84. 

[0079] While embodiments of the present invention have been described herein for 
purposes of illustration, many modifications and changes will become 
apparent to those skilled in the art. Accordingly, the appended claims are 
intended to encompass all such modifications and changes as fall within the 
true spirit and scope of this invention. 



